Abstract
I. INTRODUCTION At the European Organization for Particle Physics
Research (CERN) several high-energy particle accelerators and storage rings have been in operation for more than 40 years. The next one will be the Large Hadron Collider (LHC) located in the same 27 km circular tunnel as the Large Electron-Positron Collider (LEP). Its superconducting magnets will operate at liquid-helium temperature and will enable the acceleration of protons up to the energy of 7 TeV; it will be the largest and the most powerful particle accelerator in the world. Due to beam losses in proton machines and due to synchrotron radiation in lepton machines, all materials and components installed in the tunnels are exposed to ionising radiation and radiation damage is observed [ 11. From these colliders headon collisions between primary particle beams circulating in opposite directions are provoked in associated physics detectors. From the collisions between stable particles, exotic unstable particles are produced. The study of their characteristics and behaviour allows to understand the fundamental laws of physics. With the high-energy, highintensity collisions produced from the LHC, radiation damage is also to be expected in particlephysics detectors.
Therefore, for a safe and reliable operation, the radiation behaviour of most of the components has to be tested prior to their selection. From the very beginning, attention has been given to the effects of ionising radiation on polymeric-based components. Radiation-resistance tests are performed on a routine basis on magnet-coil insulations, on cableinsulating materials and on structural composites; mechanical tests are carried out in accordance with the standard 544 of the International Electrotechnical Commission (IEC) [2] . Moreover, electrical properties of high-voltage insulations and optical properties of organic scintillators and waveguides are also studied. For these components, transient effects have also to be taken into account. At dose rates and dose levels encountered around particle accelerators as well as in space, metal alloys and ceramics do not suffer from any radiation damage or particular ageing. Our long-term experience has pointed out many parameters to be taken into account for the estimate of the lifetime of organic components in radiation environments. A large amount of results are published in the form of catalogues for a large variety of commercially available compounds and components [3] .
PRIMARY RADIATION EFFECTS IN POLYMERIC ORGANIC MATERIALS
Due to the nature of the bonding in polymers, they are more sensitive to ionising radiation than metals and ceramics. Common polymers are based on long hydrogenated carbon chains. In most polymers, some of the hydrogen atoms are substituted with side groups. The main chain and/or the side groups may be linear or cyclic, they may contain mineral atoms. If the side groups are long chains similar to the main chain, the polymer is said to be branched, and its crystallinity will usually be low. In crosslinked thermoplastics and in thermosets, the chains are linked together in a three dimensional network with little or no crystallinity. Whatever the type of radiation (charged or neutral particle, or electromagnetic radiation of enough energy), its effect always results in excitation and ionisation of the polymer chain. Polymers are usually electrical insulators; if they are subjected to high dose-rate irradiation, the number of free electrons may reduce significantly their resistivity, but this is only a transient effect. If charged particles are used, electric charges may accumulate in organic insulators.
After de-excitation and capture of free electrons, chemical radicals are created (= species with unpaired electron). These can be of variable reactivity, and reactions may propagate along the chain or to a side chain. The principal reactions are chain scissions, cross-linking and changes of side groups. Chain scission -sometimes called degradation-is the random cutting of the main chains, which results in a decrease of the mean molecular weight. Degradation may also result from de-polymerisation or "unzipping" of the main chain which leads to products similar to the parent monomer. During cross-linking a three dimensional network is created. Cyclisation and changes of side groups lead to unsaturation and gas evolution. Polymers are also subject to phase changes; the crystalline phase of plastics may be destroyed by irradiation (this effect is important in PTFE); on the other hand, the energy brought by radiation may anneal amorphous plastics in which crystallites will be produced [4] .
In translucent polymers, trapped electrons and unsaturations result in colour centres which cause yellowing and/or darkening of the material. Some of these colour centres may be annealed by temperature, by reaction of oxygen and/or by photobleaching.
When components are irradiated with neutrons or high-energy particles, some additives can become radioactive. This is observed in brominated compounds added as tlame retardant andtor stabiliser, as well as with the boron-containing glass fibres.
AGEING OF ORGANIC MATERIALS
Ageing is the irreversible change of at least one of the properties of a material submitted to its environment during its operational life; it has to be distinguished from the transient change due to a temporary external stress [ 5 ] .
Ageing always results from a change in the intimate physico-chemical structure; materials evolve with time because they are not in a stable thermodynamic state. Physico-chemical modifications are due to the chemical processes listed above. Ageing factors and processes depend on the environment. When materials are used as components, they are subject to environmental conditions, and they inevitably age. As organic materials are used virtually everywhere in particle accelerators, as well as in nuclear power plants (NPPs), and serve vital functions, ageing of electrical insulators, seals and joints, lubricants and structural composites reduces design safety margins and may cause failures of both operational and safety systems [6] .
In comparison with metals and ceramics, which are mainly sensitive to corrosion, polymers are more sensitive to ageing: they are more affected by external chemical factors such as oxidants (water, oxygen, ozone ...) and pollutants including bacteria, and physical factors such as temperature (and temperature changes), mechanical stresses (including abrasion and fatigue), electrical and/or magnetic fields, light (mainly UV), microwaves, ultrasonic, ionising radiation, etc. [4, 7, 8, 91 . In any material, internal defects such as impurities, grains and cavities will usually facilitate the diffusion and hence the action of external factors. During the transformation process, the temperature is raised above a phase transition, and hydro-peroxydes which are potential initiators for further oxidative degradation are produced [ 101. The proper choice of polymerisation and transformation processes is crucial for the further ageing properties. The mechanisms of ageing depend on the material type. In polymeric materials, additives such as organic or mineral fillers, and stabilisers such as antioxidants and UV protectors, may also be modified and/or eliminated with time; they usually change the mechanisms and the rate of ageing.
A side effect of gas evolution from irradiated polymeric compounds is that the evolved gas can be poisonous and/or corrosive; this is the case for example with HCI evolved from PVC. The radiolysis of fluorocarbons used as cooling fluids results in the production of hydrotluoric acid which may corrode the tubing system. It should also to be noted that carbon dioxide, which is often considered as an inert gas, is not inert from a radiation point of view: its radiolysis results in the formation of atomic oxygen which is very corrosive.
Iv. MONITORING OF AGEING
In order to understand the mechanisms of ageing, physico-chemical analysis such as differential scanning calorimetry, infra-red spectroscopy, electron paramagnetic spectroscopy, nuclear magnetic spectroscopy, molecular weight measurements, gel fraction measurements, etc. can to be carried out. For the characterisation of radiation induced effects on cooling fluids, several methods are used: UV-Vis and FT-IR spectrophotometry, gas chromatography, scanning electron microscopy, etc. Practical experience has shown that measuring the optical absorption or the viscosity of organic cooling liquids and lubricating oils is usually sufficient to monitor their ageing.
As materials are used as (part of) components, they have at least one specific function which require specific properties. From the user's point of view, it should be possible to monitor the ageing of the component by the evolution of the specific functional property, e.g. to test the mechanical properties of structural materials, the electrical properties of insulators, the optical properties of optical components, and so forth. But this is not always neither the easiest nor the best way. Experience has shown that it is often possible to assess the ageing of an insulator from the degradation of its mechanical properties. The IEC 544 standard recommends to measure the degradation of insulators from mechanical tests [2] .
Flexural tests are carried out on rigid insulators (thermosets, varnish, composites) and tensile tests on flexible insulators (mainly thermoplastics and rubbers used for cable insulation). The problem is that macroscopic samples have to be taken out from components. This is not always feasible, unless proper repairing techniques have been defined or replacement has been planned. A non-destructive method using an indenter has been developed for cable-ageing monitoring [ 
V. RESULTS OF RADIATION-AGEING TESTS, FACTORS OF AGEING
As said in the introduction, for the selection of organic insulators, numerous radiation-resistance tests are carried out at CERN on a routine basis, in accordance with the IEC 544 standard [2] . This document recommends that accelerated tests be performed after irradiations at dose rates higher than 1 Gy/s, and that more representative tests be performed after ageing conditions as close as possible to in-life conditions.
In particle accelerators, where particle beams are guided and focalised by strong electro-magnets. the most exposed organic components are the insulations of the magnet coils. These are usually made of cured glass-reinforced composites based on an aromatic euoxy-resin with specially formulated hardener and accelerator. These compounds may resist up to hundreds of megagrays. Today, it has not yet been possible to detect wether they may be subjected to "dose-rate effects" due to oxidation. Many results can be found in [ 3 ] . Fig. 1 show the results for such an epoxy-based composite used for the insulation of magnet coils in the LEP. Epoxy systems are also often used as adhesives. Today, "hivh-performance ulastics" may also be used as structural materials. Many radiation-test results about these engineering plastics can be found in [3, 13, 141 , some have been identified as being particularly sensitive to radiation, namely the PTEE (Teflon) and the acetal resins (e.g. Delrin).
In WPs, the more crucial organic compounds are the insulations of in-containment cables. For firesafety reasons, the current tendency is that halogenated compounds are progressively replaced by EPREPDM-based rubbers for power and HV cables, and by polyolefin-based compounds for instrumentation and control cables. Over the years, many of these cable insulations have been qualified.
The results of radiation tests have shown that polyolefin-based compounds usually present an important dose-rate effect [3] , [15] , [16] (see Fig.2 ), which may be combined with a temperature effect
[17]. On the other hand, it appears from many results that the macroscopic degradation of cable insulations does not depend on the radiation tvpe t181. Tests of insulating and structural materials after irradiation at crvogenic temperature have shown that there is no significant influence of the irradiation temperature on the radiation degradation of thermosets and composites [19] , while the degradation of plastic films is even less severe as they are protected against oxidation [20] . Fig. 3 compares the degradation of the mechanical properties of a Kapton film irradiated either at ambient conditions or at 4 K in liquid helium. It must be noted that in space applications, atomic oxygen and high-energy cosmic rays may affect the tightness of insulating films.
Some experiments about the synergy between irradiation and mechanical stress have shown that rubbers and composites under stress are more sensitive to radiation and degrade faster [21] . This effect is important for rubber seals, but is negligible for structural composites used below the yield strength.
The table hereafter summarises the limit doses (for irradiation carried out in air at dose rates above 1 Gy/s) for some materials tested at CEFW with regards to their mechanical properties. In inert atmosphere (in vacuum or in cryogenic liquids), the dose limits can be 3 to 10 times higher than the ones given above. The factor is higher for materials which are sensitive to oxidation, such as the polyolefins, as well as for PEEK, Nylon and PTFE.
Experience has shown that the Young's modulus of a rigid material usually varies much less with irradiation than the ultimate flexural strength and than the ultimate deformation. Polyamide 4.6 is an exception to this statement; polyamides (Nylons) are sensitive to moisture and oxidation. Fig. 4 (in which the curves correspond to irradiation in a nuclear reactor at dose rates of 200 kGy/h) shows that the modulus of PA 4.6 is sensitive to radiation; this effect is even more pronounced at 4 kGy/h as indicated by the 2 GPa value point at 3 MGy. If the materials are to be used for other properties such as translucence for example, the phenomena to be taken into account are completely different, and the dose limits are much lower. Usually, very strong synergistic effects between radiation and other parameters are observed in organic optical materials such as scintillators and optical fibres [22] , [23] .
For fluorocarbon coolinp fluids, a special care must be paid to alcanes and hydrofluoroalcanes, which are usually present as impurities, and of which the C-H bonds content opens the way to the reactive hydrofluoric acid (HF) evolution during the radiolytic process. It has been shown that HF may be eliminated by means of active filters in the cooling circuit, allowing these fluids to be used up to several tens of kGy. The reduction of optical transmission can be used as an ageing-monitoring technique. It has also been checked that the activation of fluoride remains below acceptable level. The tri-fluoro-iodo-methane (CFJ) has proven to be very sensitive to radiation and cannot be used for the cooling of the inner tracker of LHC experiments.
VI. CONCLUSION
At CERN, for almost 40 years, emphasis has been put on the proper selection of organic insulators to be used in the radiation environment around particle accelerators. A particular attention has been brought on the dose-rate effect study. 
